This study investigated the influence of the pesticide methomyl on different enzymatic activities in carp. The fish were exposed to a sub-lethal concentration (0.34 mg L -1 ) of methomyl for 15 days. On days 4 and 15, catalase (CAT) and glutathione-S-transferase (GST) activities were measured in the liver and gills. Acetylcholinesterase (AChE) activity in brain and muscle was also determined. Liver catalase activity slightly increased in exposed fish when compared to controls, but it was statistically significant only at the beginning of the experiment. No changes in CAT activity in the gills of exposed and control animals were observed (mean values were in the range 10.7-11.7 nmol min -1 per mg of protein). Liver GST activity was slightly inhibited in the exposed animals at the beginning of the study; however, it was significantly inhibited in the gills. Brain AChE activity was diminished throughout the experiment and significantly decreased after 96 h of exposure compared to controls (0.041 vs. 0.075 nmol min -1 per mg of protein; p<0.001). Our findings suggest that CAT, GST, and AChE are reliable biomarkers of effect after exposure to methomyl.
Common carp (Cyprinus carpio L.) is one of the most important fish cultured in the world, either as food or for recreational fishing. Carp is often recommended for the baseline evaluation of emerging pollutants in aquatic ecosystems (1) and commonly used in experimental models due to its availability and good adaptation to laboratory conditions (2) .
Methomyl [S-methyl N-((methylcarbamoyl)oxy) thioacetimidate], a carbamate insecticide, has been classified as a highly toxic pesticide for aquatic organisms (3) . Its acute toxicity to various freshwater fish, with 96-h LC 50 values ranging from 0.9 mg L -1
(bluegill sunfish) to 3.4 mg L -1 (rainbow trout), was reported in several studies (4, 5) . It is widely used to control insect pests in many countries around the world, and by entering water bodies directly or indirectly it affects both surface and ground waters.
In spite of advancements in chromatographic techniques, the detection of low pesticide levels in water can be difficult because they may fall below detection limits (6) . In such instances, the effects of chronic (or sub-lethal) concentrations of pesticides on non-target organisms can be studied by detecting changes in organisms at the physiological, biochemical, or molecular levels, providing "early warning" tools in environment quality monitoring (7, 8) . The inhibition and induction of these biomarkers are good approaches to measuring the potential impact of pollutants on environmental organisms. For example, acetylcholinesterase (AChE) activity in fish has proven useful for monitoring the contamination of marine and freshwater ecosystems and this specific inhibitory effect has been directly associated to carbamate and organophosphorus pesticides (9) .
Moreover, many of these potentially toxic compounds or their metabolites have shown toxic effects related to oxidative stress in fish (4, (9) (10) (11) . Cells have a variety of defence mechanisms to neutralize the harmful effects of free radicals (10) . One of the main antioxidative enzymes that serve to detoxify reactive oxygen species are catalases (CAT). CAT is a ubiquitous heme protein that degrades hydrogen peroxide (H 2 O 2 ) to oxygen and water and is involved with the Haber-Weiss reaction (12) . Similarly, glutathione S-transferases (GST) are a group of widely distributed enzymes that catalyse the conjugation of glutathione (GSH) with various electrophilic substances. GST-mediated conjugation is involved in the detoxification of many xenobiotics, playing an important role in protecting tissues from oxidative stress (13) .
Taking into account the great relevance of effectbiomarkers when no levels of pesticides can be detected in the environment, the aim of this study was to evaluate the alterations in different biochemical parameters in several tissues of carp (cholinesterase activity in muscle and brain, as well as glutathione S-transferase and catalase enzymatic activities in liver and gills) exposed to methomyl.
MATERIALS AND METHODS

Chemicals and reagents
All chemicals and reagents were of analytical grade and purchased from Sigma-Aldrich (St. Louis, MO, USA). Tested substance methomyl (CAS No. 16752-77-5) was of 99 % purity. Its stock solution was prepared by dissolving the pesticide in 1 mL of absolute ethanol in a standard volumetric flask.
Fish
Carp specimens with a weight of 30.0±5.2 g and length of 8-11 cm were acquired from a local fish hatchery in Badajoz (Spain) and acclimated to laboratory conditions for 15 days prior to the beginning of the experiment. Fish were kept in two batches (control and exposed group) of 15 individuals into independent tanks (1 m×0.4 m×0.5 m, 160 effective litres). During the experiment, fish were fed daily with a commercial dry diet (OVN Dibaq-Diproteg, Segovia, Spain) ad libitum until the end of the experiment. Fish were starved for 24 h before sacrifice.
Experimental design
The experimental group was exposed to a sublethal concentration of the pesticide (0.34 mg L -1 ) during 15 days. This concentration represented 10 % of LC 50 previously established for rainbow trout (14) , being similar to the environmental level found in water samples taken near Cáceres, Spain (unpublished data).
Although the stock solution of pesticide was prepared in ethanol, the final amount of solvent in the aquaria, considering the total volume of the tanks, was negligible, as recommended by OCDE test guidelines (15) .
Water quality characteristics (temperature, alkalinity, conductivity, total hardness, dissolved oxygen, ammonia, nitrate and nitrite) were routinely monitored during the experiment and all were within acceptable limits. Furthermore, once a week, water samples (V=250 mL) were taken from each tank and subjected to high-performance liquid chromatography (HPLC) analysis in order to assess the effective concentrations of the pesticide. Standard HPLC technique with acetonitrile and water as mobile phase and a Nucleosyl 120 C18 column was applied, according to the method previously described for other carbamate pesticides (11) .
Animal maintenance and experimental procedures were conducted in accordance with the Guide for Use and Care of Laboratory Animals (16) , and efforts were made to minimize animal suffering and reduce number of specimens. The experimental design was approved by the Ethics Committee of the University of Extremadura (Spain) and carried out in accordance with current legislation (17).
Exposed and control animals (n=5) were removed on three occasions from each aquarium: at the beginning of the experiment (day 0), and after 4 and 15 days of the experiment.
Fish were anesthetized with a solution of tricaine methanesulfonate (MS222; Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 0.1 g L -1 . (11). Animals were sacrificed; and liver, gills, brain and a portion of muscle were removed, weighed, and individually frozen at -80 °C until biochemical analyses.
Liver and gills of each animal were homogenised in 1:10 (w/v) ice cold potassium phosphate buffer (0.1 mol L -1 , pH 7.4). The homogenate was centrifuged for 20 min at 10000 g (4 °C) to obtain the postmitochondrial supernatant. Brain and muscle tissues were homogenized in cold potassium phosphate buffer (0.1 mol L -1 , pH 7.2). The obtained homogenate was centrifuged at 6000 g for 15 min at 4 °C. The supernatant was used to determine AChE activity (nmol min -1 per mg of protein). AChE activity was spectrophotometrically determined according to Ellman (18) , adapted to microplate, by measuring the increase in absorbance of the sample at 405 nm in the presence of 1 mmol L -1 acetylthiocholine as substrate, and 0.1 mmol L -1 5,5,-dithiobis-2-dinitrobenzoic acid (DTNB) as chromogen.
CAT activity assay was carried out by spectrophotometric measurement at 240 nm following the method of Clairborne (19) . The enzymatic GST activity was measured at 340 nm according to Habig et al. (20) . Specific enzyme activity of was defined as nmol min -1 per mg of protein. Protein content was estimated by the Bradford method (21), using bovine serum albumin as standard.
Statistical analyses were performed using GraphPad Prism v.5 software. All values are represented as mean±standard deviation (SD). Data were treated by means of the non-parametric Kruskal Wallis test followed by the post-hoc Dunn's test in order to delimitate the groups in which significant differences occurred.
RESULTS AND DISCUSSION
Recent environmental monitoring in the Cáceres area indicated the presence of methomyl residues. We therefore decided to perform an experiment to investigate whether an environmentally relevant methomyl concentration, when tested in laboratory conditions, poses risk to carp, a typical fish species that inhabits local freshwater bodies.
In the course of our experiment, despite exposure to the pesticide, no mortality or visual changes on fish indicating potential impairments in the nervous system appeared in any of the considered experimental groups. Methomyl presence in the tested water samples was monitored during the experiment and confirmed by HPLC to be within 20 % of the nominal concentration, with the same retention time as the commercial standard.
The effects of methomyl exposure on CAT, GST, and AChE activity in the tissues of common carp are shown in Figure 1 .
Whereas hepatic CAT activity in the exposed fish increased compared to controls both on day 4 (p<0.05) and day 15 of exposure, branchial CAT activity did not show any significant difference between control and exposed animals during the whole experiment (mean values 10.7-11.7 nmol min -1 per mg of protein). In the course of the experiment, liver CAT activity increased both in the control and exposed fish, which was statistically significant only after 4 days of exposure (Figure 1) . The higher results appeared after 15 days, which had no relevance with respect to the previous sampling day due to the increased value of CAT in the controls at the same sampling. Ensibi et al. (22) also reported that CAT values in carp exposed to carbamates did not change and tended to be similar to controls after 15 days of treatment, exhibiting changes after only 4 days of exposure. Increased values in controls from the last sampling with respect to controls from day 4 can be explained by external conditions influencing animal behaviour, thus showing the importance of having a control group for each day of experiment.
With respect to hepatic GST activity, significant inhibition in the exposed animals (p<0.05) was observed at the beginning of the experiment compared to control animals (mean GST activity of 72.4 and 87.0 nmol min -1 per mg of protein, respectively), with highly significant inhibition in the gills (p<0.01) of the exposed fish. However, the hepatic inhibitory effect disappeared at the end of the experiment (control and exposed animal GST activities were within 68-72 nmol min -1 per mg of protein), whereas the same initial effect quantified in gills remained, although at a lower level of significance (p<0.05).
The differences between the levels of GST activity in the liver of the control fish measured on days 4 and 15 were statistically significant. On the contrary, in the exposed fish no significant differences were observed in the activities of this enzyme on day 4 and day 15 ( Figure 1 ). These changes might have been generated by environmental changes other than the ones covered by this study, which is for control animals more because the antioxidant system of exposed fish is already affected by the pesticide. Indeed, it was reported that the unchanged GST activity after insecticide exposure may indicate enzyme inactivation by a pesticide or GSH depletion, inducing GST to lose its activity (22) .
Some authors reported a lack of effect in CAT levels in gills of fish exposed to carbamates, appearing only after exposure to high concentrations (23) . However, decreased CAT levels were found in C. punctatus exposed to pyrethrins (24) . Even when gills are the first contact-point with xenobiotics, they do not always have an effect over this tissue, passing directly through this barrier and acting on other tissues like liver. In fact, CAT levels were reported higher in liver as a result of breaking down toxins present in the blood and processing metabolic products for degradation (25, 26) .
Ferrari et al. (27) showed that different pesticides induced hepatic CAT activity during the first 48 h of exposure, and similarly, Capkin and Altinok (28) observed that rainbow trout exposed to 25 µg L -1 of carbamate carbosulfan for 60-days significantly increased liver CAT activity when compared to controls.
However, oxidative stress levels in fish from waters contaminated by different concentrations of pesticides were entirely different (29) , and in some cases a clearly inhibitory effect was observed. Crestani et al. (30) for instance, observed a reduction in CAT activity in the liver of silver catfish exposed to the herbicide clomazone. Similar effects were found by Pandey et al. (31) in the liver of the freshwater fish Channa punctatus evaluated after 24 h of treatment with endosulfan. Blahová et al. (32) observed a significant decline in CAT activity in zebrafish exposed to atrazine. Curiously, this same xenobiotic was assayed by Nwani et al. (33) , who noticed an elevation of liver CAT activity after the exposure of Channa punctatus.
The first line of defence against oxidative stress consists of antioxidant enzymes (e.g., CAT) and a decrease in their activity changes the redox status of the cells. Thus, it is possible that an increase in the activity of these enzymes contributes to the elimination of ROS induced by cells exposed to pesticides (34, 35) .
GST has also been widely used as an environmental biomarker. In some studies, hepatic GST activity decreased after 5 days of exposure to a mixture of pesticides (36) . Similarly, liver of fish fed with a standard diet and exposed to the herbicide quinclorac showed a marked inhibition of GST activity (2) . Nevertheless, some studies have also observed an opposite effect, as for example low level exposure of Galaxias maculatus, Galaxias truttaceus, and Salmo gairdneri to the fungicide tetrachloroisophthalonitrile resulted with the induction of the liver GST activity (37) .
When considering studies focused on carbamate pesticides and fish, a clear inhibition of GST activity was spotted after 96 h of exposition to methomyl (4) . These results are in agreement not only with ours, but also with those of Rendón-von Osten et al. (9) , who found a significant inhibition of GST activity in mosquito fish (G. yucatana) gills after 24 h exposure to 0.06 mg L -1 of carbofuran. GST inhibition has also been reported in gills of mosquito fish exposed to carbofuran and liver of Ancistrus multispinis exposed to deltamethrin (38) . The observed decrease of GST activity may have occurred because liver and gills are two of the first organs in the contact with pesticides. However, this decrease may lead to a different response where the antioxidant defence is disrupted by pesticides or its derived products, indicating a toxic situation caused by insecticide exposure (39) .
As shown in Figure 1 , methomyl exposure caused a clear and significant decrease in AChE activity compared to controls both in brain (p<0.001 on day 4; p<0.01 on day 15) and muscle (p<0.01 on day 4 and 15). Thus, our results indicate that AChE activity varied according to tissue type at least during the first days of exposure, with brain tissue being more susceptible. This phenomenon could be related to the higher number of neurons in the brain than in the muscles, i.e. more receptors were available directly. After first contact with the pesticide, and thus after saturation of the synaptic sites in both tissues, the inhibition rate reached equilibrium.
There were no significant differences in the AChE activities measured in brain and muscle of control fish on days 4 and 15. Comparison of the values measured in the exposed fish indicate that brain AChE activity was significantly lower on day 4 as compared to day 15 ( Figure 1) . Several studies reported a similarity between the AChE activity of exposed fish and controls after an initial period of inhibition (11, 40) . Reactivations of the carbamate-mediated anticholinesterase effect, or even an enzyme superproduction as a response to inhibition, have been reported as cause for that phenomenon (41) .
The highest inhibition in brain samples took place at day 4 (0.041 nmol min -1 per mg of protein in exposed animals, and 0.075 nmol min -1 per mg of protein in control), clearly showing the inhibitory effect of carbamate pesticides and rendering AChE activity as the most adequate biomarker for exposition to carbamates in fish. The same was reported in several studies on freshwater and marine fish (42) (43) (44) . For instance, Hernández-Moreno et al. (43) observed that brain and muscle cholinesterase activities in seabass (Dicentrarchus labrax) exposed to 250 mg L -1 of carbofuran were significantly inhibited, showing a 47 % of inhibition in brain and 41 % in muscle, compared to the control. Moreover, Bretaud et al. (40) reported a significant inhibition of both brain and muscle AChE activity in the goldfish (Carassius auratus) after 48 h of exposure to 500 mg L -1 of carbofuran. The same pesticide also caused AChE activity inhibition in tench (Tinca tinca) exposed to 100 μg L -1 of carbofuran, whereas an exposure to deltamethrin did not affect AChE activity (11) . Li et al. (4) evaluated the acute toxicity of the pesticide methomyl on the topmouth gudgeon (Pseudorasbora parva). In our study, the pesticide caused a sharp decrease in specific brain AChE activity (around 48 %) with concentrations between 0.043 and 0.213 mg L -1 . These results were similar to those obtained by other authors, with C. auratus exposed in vitro to methomyl for 8 min at 30 °C in which AChE activity was sharply inhibited (44) .
To conclude, catalase, GST and AChE showed to be good biomarkers of effect after exposure to methomyl, whereas carps proved suitable for biomonitoring the environments they inhabit. Although limited by only one concentration tested, our study suggests that exposing the common carp to methomyl at sub-lethal levels could provoke changes in enzyme activity, which is in accordance with previously published literature on the subject.
